Pseudomonas sp. strain P51 contains two gene clusters located on catabolic plasmid pP51 that encode the degradation of chlorinated benzenes. The nucleotide sequence of a 5,499-bp region containing the chlorocatechol-oxidative gene cluster tcbCDEF was determined. The sequence contained five large open reading frames, which were all colinear. The functionality of these open reading frames was studied with various Escherichia coli expression systems and by analysis of enzyme activities. The first gene, tcbC, encodes a 27.5-kDa protein with chlorocatechol 1,2-dioxygenase activity. The tcbC gene is followed by tcbD, which encodes cycloisomerase II (39.5 kDa); a large open reading frame (ORF3) with an unknown function; tcbE, which encodes hydrolase II (25.8 kDa); and tcbF, which encodes a putative trans-dienelactone isomerase (37.5 kDa). The tcbCDEF gene cluster showed strong DNA homology (between 57.6 and 72.1% identity) and an organization similar to that of other known plasmid-encoded operons for chlorocatechol metabolism, e.g., clkABD of Pseudomonas putida and tfdCDEF of Alcaligenes eutrophus JMP134. The identity between amino acid sequences of functionally related enzymes of the three operons varied between 50.6 and 75.7%, with the tcbCDEF and tfdCDEF pair being the least similar of the three. Measurements of the specific activities of chlorocatechol 1,2-dioxygenases encoded by tcbC, cicA, and tfdC suggested that a specialization among type II enzymes has taken place. TcbC preferentially converts 3,4-dichlorocatechol relative to other chlorinated catechols, whereas TfdC has a higher activity toward 3,5-dichlorocatechol. CIcA takes an intermediate position, with the highest activity level for 3-chlorocatechol and the second-highest level for 3,5-dichlorocatechol.
Bacterial degradation of xenobiotic organic pollutants involves in many cases the use of altered metabolic functions (23) and can be regarded as a system of genetic adaptation to new substrates. As such, it presents a good model for studying evolution of enzymes and catabolic pathways. Of the vast array of synthetic compounds that have been introduced into the environment, chlorinated aromatic compounds are particularly refractory to bacterial degradation (11) . In the past decade, various reports have described the degradation of chlorinated aromatic compounds (reviewed in reference 24) . In many of these pathways chlorinated catechols are the central metabolites, whereas the only productive pathway for conversion of the chlorinated catechols was found to be the ortho-cleavage route (24) . The ortho-cleavage pathway of chlorinated catechols was first described for Pseudomonas sp. strain B13 (7, 40) , Pseudomonas putida (pAC27) (3) , and Alcaligenes eutrophus JMP134(pJP4) (5). These bacterial strains were able to grow on 3-chlorobenzoate and, in the case of A. eutrophus, also on 2,4-dichlorophenoxyacetic acid as the sole carbon and energy source. Recently, degradation of chlorinated benzenes was reported, and it was shown that the enzymes of the orthocleavage route were also present in this catabolic pathway (12, 20, 31, 33, 37) . In Pseudomonas sp. strain P51, the genes encoding the metabolism of 1,2,4-trichlorobenzene (1,2,4-TCB) and 1,2-dichlorobenzene (1,2-DCB) are located on a catabolic plasmid of 110 kb called pP51 (38) . These genes were cloned, characterized, and found to encompass two Pseudomonas sp. strain P51 was cultivated in Z3 mineral medium supplied with 3.2 mM 1,2,4-TCB as the sole carbon and energy source as described elsewhere (37) . A. eutrophus JMP134 (5) and Pseudomonas sp. strain B13 (6) were grown at 30°C in Z3 mineral medium with 10 mM 3-chlorobenzoate as the sole carbon and energy source. Escherichia coli strains were cultivated at 37°C in Luria broth (25) . When appropriate, 50 ,ug of ampicillin per ml, 0.004% 5-bromo-4-chloro-3-indolyl-3-D-galactoside, or 1.0 mM isopropyl-P-Dthiogalactopyranoside was added to the media.
DNA manipulations and sequence analysis. Plasmid DNA isolations and transformations and other DNA manipulations were carried out as described earlier (38) or according to established procedures (25) . Restriction enzymes, T4 DNA ligase, T7 RNA polymerase and Klenow DNA polymerase were obtained from GIBCO/BRL Life Technologies Inc. (Gaithersburg, Md.) or Pharmacia LKB Biotechnology (Uppsala, Sweden) and used according to the specifications of the manufacturer.
DNA fragments to be sequenced were cloned into M13mpl8 and M13mpl9 and propagated in E. coli TG1. The sequencing strategy is shown in Fig. 1 (3, 000 Ci/mmol; Amersham International plc, Amersham, United Kingdom). To overcome sequence compressions, we routinely incorporated dITP in the reactions instead of dGTP. Computer analysis of DNA and amino acid sequences was performed with the programs PC/GENE (Genofit, Geneva, Switzerland) and GCG (J. Devereux, University of Wisconsin).
Detection of gene products of the tcb gene cluster. To detect the gene products of the different open reading frames (ORFs) predicted from the DNA sequence, we subcloned pP51 DNA fragments containing one or more ORFs from plasmid pTCB62 into the T7 expression vector pT7-5 or pT7-6 (35). The resulting plasmids are shown in Fig. 1 . Expression of the ORFs from the T7 promoter was analyzed with E. coli BL21 (34) , and proteins were radioactively labeled with L-[35S]methionine (Amersham) upon induction of the T7 RNA polymerase in the presence of rifampin (35) . Further studies were performed by in vitro transcriptiontranslation. For this purpose, mRNA was synthesized from pP51 DNA cloned under control of the T7 promoter by using T7 RNA polymerase (39) and subsequently translated in vitro with an E. coli S30 extract as described by the manufacturer (Amersham). Protein samples were denatured by boiling for 5 min and separated on a sodium dodecyl sulfate-polyacrylamide gel (10% polyacrylamide) according to the method of Laemmli (15) ously been found to be located on a 5-kb region of catabolic plasmid pP51 (38) . Plasmid pTCB62 (Fig. 1 Figure 4A shows the alignment obtained with the different catechol 1,2-dioxygenases (CatA, TcbC, ClcA, and TfdC). The degree of identity of CatA with the type II enzymes was approximately 22%, whereas the identity between the members of the latter group was between 53.5 and 63.1% (Fig. 5) . All amino acid sequences contained the residues that are involved in the binding of the ferric ion in the P. putida protocatechuate 3,4-dioxygenase P subunit, e.g., Tyr-118, Tyr-147, His-160, and His-162 (19) (in the type II sequences, Tyr-130, Tyr-164, His-188, and His-190, respectively). Other strongly conserved residues among both catechol 1,2-dioxygenases and protocatechuate 3,4-dioxygenases are indicated in Fig. 4A . The sequences of the type II enzymes all showed the same gaps compared with the CatA sequence.
The alignment of the cycloisomerases TcbD, ClcB, TfdD, and CatB is shown in Fig. 4B . The amino acid sequences were slightly more conserved than the catechol 1,2-dioxygenase sequences (Fig. 5) . All cycloisomerases from the chlorocatechol operons had a size of 370 amino acid residues. TcbD was found to be 43.9% identical to CatB in a 369-amino-acid overlap. The ORF3 of the tcb gene cluster could be aligned with the ORF3 found in cIcABD (Fig. 4C ) (8) . The hydrolase II enzymes of the three pathways, TcbE, ClcD, and TfdE, were found to be approximately 52% identical (Fig. 4D) . The fifth ORF, designated tcbF, was found to be homologous to tfdF. Their deduced amino acid sequences showed 54.9% identity (Fig. 4E) . The 4 . FASTA alignments of the deduced amino acid sequences of the proteins encoded by the gene clusters involved in catechol or chlorocatechol degradation. Symbols: ., residues identical to those in the Tcb sequences; -, gaps added for optimal alignment; *, strongly conserved residues in catechol 1,2-dioxygenases as well as in protocatechuate 3,4-dioxygenases (19) . Numbers above the sequences represent the amino acid positions in the type II enzymes. Numbers under the sequences refer to the positions of amino acids in CatA and CatB. (A) Alignment of the catechol 1,2-dioxygenases TcbC, ClcA, TfdC, and CatA. The FASTA alignment was corrected on the basis of the three-dimensional structure of the protocatechuate 3,4-dioxygenase (19) ilent genes of the three gene clusters, and percentages of were revealed by sequence analysis of a 5.5-kb region ty between deduced amino acid sequences are given. DNA comprising the tcbCDEF cluster; these ORFs were preceded nce identities were found to lie in the same range (56.7 to by a consensus promoter sequence (Fig. 2) . Step I, Activity of the chlorocatechol tion of the tcbCDEF gene cluster strongly suggests an )xygenase, leading to the formation of 2,3-or 2,4-dichloromuoperon structure.
acid.
Step II, Cycloisomerizaton (TcbD, ClcB, or TfdD)
The organization of the tcbCDEF gene cluster showed ig a dienelactone (cis or trans). ClA indicates the residual high similarity to the clcABD cluster of plasmid pAC27 (8) ne atom in the tcb-mediated pathway; C1B indicates the one in and the tfdCDEF gene cluster of plasmid pJP4 (9, 10, 21) 1 or B13 pathway (22, 32) .
Step III, Putative cis-trans isomer- (Fig. 5) . However, both the teb and clc clusters contained an i reaction mediated by TfdF or TcbF.
Step IV, Activity of the additional ORF3, which appears to be missing in the tfd lase ( (Fig. 5) . Table 2 shows the (8) . Also, in our experiments, we were unable to find ve activities of the different catechol 1,2-dioxygenase II expression products from ORF3 by using T7 RNA polynes in cell extracts with various chlorinated catechols merase-directed expression. Furthermore, construction of a iared with the activity obtained with 3-chlorocatechol. frameshift mutation in the ORF3 of the tcb operon did not verall patterns of relative activities were similar in cell affect the conversion of 3,4-DCC in E. coli cell extracts (38 experiment. P51 has a high relative activity on 3,4-dichlorocatechol In contrast to the clc operon (8, 21) , it appears that the tcb (Fig. 3B) , we could not detect any trans-chlorodienelactone isomerase activity, which is ascribed to the tfdF gene product (5, 21, 32, 38) . These suggestions, however, are not supported by biochemical studies of the tfd-encoded enzymes, which indicated that cis-2-chloro-4-carboxymethylenebut-2-en-4-olide is formed directly from 2,4-dichlorocis,cis-muconate by the activity of chloromuconate cycloisomerase (14, 22, 28) . Instead, it has been suggested that tfdF could encode a protein with 5-chloro-3-oxoadipatedehalogenating activity (28) .
The high identity between enzymes encoded by the three gene clusters and between their DNA sequences (Fig. 4 and  5) suggests that tecbCDEF and clcABD are more closely related to each other than to tfdCDEF. This can also be concluded from the conservation of a complete ORF3 in both tcbCDEF and clcABD. The cycloisomerase gene appeared to have the highest degree of sequence conservation among the different genes of the clusters, followed by the catechol 1,2-dioxygenase gene. The overall organization of the chlorocatechol gene clusters is different from the organization of the cat genes in P. putida (1) and Acinetobacter calcoaceticus (17) . In these cases, the catA gene encoding the catechol 1,2-dioxygenase is separated from catB, which encodes muconate-lactonizing enzyme.
Activity of catechol 1,2-dioxygenase II enzymes. Catechol 1,2-dioxygenase enzymes can be divided into two types, I and II, according to Dorn and Knackmuss (7) . Both type I and type II enzymes can occur in the same cell (7, 22) , and even more isozymes of catechol 1,2-dioxygenase can be found in one strain (16) , although significant differences in substrate range are not always observed (16) . Type I enzymes are relatively specific enzymes that use primarily catechol as a substrate. Chlorinated catechols are not used as substrates, with the exception of 4-chlorocatechol (7). Type II enzymes are induced upon growth with a chlorinated carbon source, such as 3-chlorobenzoate, and are relatively nonspecific enzymes which have a wider substrate range. They convert chlorinated catechols more rapidly than catechol (7) . The wider substrate range of the type II enzymes, however, may have resulted in a substantially lower specific activity (18) . The specialization of chlorocatechol pathway enzymes was further extended by characterizing the chloromuconate cycloisomerases and hydrolase II enzymes from Pseudomonas sp. strain B13 and A. eutrophus JMP134 (14, 28-30). We were interested in determining whether differences among catechol 1,2-dioxygenase II enzymes occur with respect to their substrate range, which could reflect their function in metabolism of chlorinated compounds. In those experiments, we also examined expression of the cloned genes in E. coli in order to prevent interference with endogenous catechol 1,2-dioxygenases present in the wildtype strains.
The observed relative activities of the type II enzymes with chlorinated catechols show that there are clear differences in conversion rates. Our results with the TcbC enzyme indicate that, of the tested chlorocatechols, 3,4-DCC is the optimal substrate for this enzyme. In contrast, the TfdC enzyme shows a higher rate of conversion with 3,5-DCC as a substrate, which is in agreement with the findings of Pieper et al. (22) . In A. eutrophus JMP134, 3,5-DCC occurs as an intermediate in the conversion of 2,4-dichlorophenoxyacetic acid by enzymes of the tfd pathway (5), indicating that this pathway is specialized for conversion of 3,5-DCC (22 (10, 13, 17) . The data presented here reinforce the hypothesis that the intradiol dioxygenases have a common ancestor. With the inclusion of the tcbC sequence, it has become more obvious that the catechol 1,2-dioxygenase II enzymes form a separate group. The amino acid residues which are conserved in all sequences include the ones shown to be involved in binding the ferric ion (19) and other residues such as glycine, proline, and leucine, which, on the basis of the high homology with the protocatechuate 3,4-dioxygenase, are supposed to be of structural importance (Fig. 4A) . The DNA sequences of structural genes tcbC, cicA, and tfdC provide examples of three relatively recently evolved genes sharing close homology but otherwise differing subtly and as such may reflect mechanisms that are acting on sequence conservation and divergence (13, 17) .
Although the deduced amino acid sequences of the type II enzymes are highly homologous (53.5 to 63.1%), we observed a specialization in the specific activities for different chlorinated substrates. Until now, the basis for the extended substrate range of the catechol 1,2-dioxygenase II enzymes, compared with that of the type I enzymes, had been unknown. Recent evidence about substrate binding in the protocatechuate 3,4-dioxygenase j subunit (36) has indicated that the catecholic substrates directly interact with the ferric ion via their hydroxyl groups. This suggests that the observed differences in substrate specificities are due not to substrate binding itself but to a total conformational change of the enzyme to fit the substrate. In addition, further conformational changes are probably needed to account for the substrate specificities of TfdC and ClcA on the one hand and TcbC on the other. The analysis of other type II enzymes could reveal whether this specialization is a more general phenomenon and provide insight into the amino acid residues which are involved in these functional differences.
